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(This 1s not related to this talk but...)

<Advertisement>

My paper about Kibble-Zurek physics (in 1+1 dim.)
will be available on the arXiv tonight...

Quantum Quench and Scaling of Entanglement Entropy

Pawel Caputa,’ Sumit R. Das,? Masahiro Nozaki® and Akio Tomiya*
' Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, JAPAN
2 Department of Physics and Astronomy, University of Kentucky, Lexington, KY 40506, USA
3 Kadanoff Center for Theoretical Physics, University of Chicago, Chicago, IL 60637, USA and
* Key Laboratory of Quark & Lepton Physics (MOE) and Institute of Particle Physics,
Central China Normal Unwversity, Wuhan 430079, CHINA

Global quantum quench with a finite rate which crosses critical points is known to lead to universal
scaling of correlation functions as functions of the quench rate. We explore scaling properties of the
entanglement entropy of a subsystem in a harmonic chain during a mass quench which asymptotes
to finite constant values at early and late times and for which the dynamics is exactly solvable.
Both for fast and slow quenches we find that the entanglement entropy has a constant term plus a
term proportional to the subsystem size. For slow quenches, the constant piece is consistent with
Kibble-Zurek predictions. Furthermore, the quench rate dependence of the extensive piece enters
solely through the instantaneous correlation length at the Kibble-Zurek time, suggesting a scaling
hypothesis similar to that for correlation functions.

Cf. Deep inelastic scattering as a probe of entanglement
Dmitri E. Kharzeev, and Eugene M. Levin (arXiv 1702.03489)
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

QCD phase transition for various mass?

What happens when Nf=2 at massless Iimit?

> o Ny =2

\ 00 y Pure Gauge
Ms 2nd  Crossover Ny=1

w Physical point

mu, md 0.9
Not directly related to the real physics but useful for model building
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ur Question:

Does the massless two flavor QCD have
U(1)a symmetry above Tc?

Tool : Lattice QCD

Our Conclusion:

The massless two flavor QCD has U(1)a
symmetry above Tc,

if the action has EXACT chiral symmetry.

Kev word: Chiral symmeitryv on the latti
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0. Summary
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Evidence of effective axial U(1 symmetry restoration at high temperature QCD

1. Introduction for U(1)a sym. in QCD

SU(2) chiral symmetry is broken spontaneously, U(1) is by the anomaly

T = (o

¢ QCD Lagranglan i

SU(Z)L X SU(Q)RX U( )V X U(l)A

SSB Anomaly

> SU( )V X U( )V : Symmetry of theory ,

What IS the anomaly’?
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1. Introduction for U(1)a sym. in QCD

SU(2) chiral symmetry is broken spontaneously, U(1) is by the anomaly

oo [ = (o

¢ QCD Lagranglan i

SU(Z)L X SU(Q)RX U( )V X U(l)A

SSB Anomaly

> SU( )V X U( )V Symmetry of theory ,

What is the anomaly’? % w — (u d)
— — e
S = / d4gjww IS Invariant under { % . @aei Namely sym.

Because : fy5lD—|— %5 — ()
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Evidence of effective axial U(1 symmetry restoration at high temperature QCD

1. Introduction for U(1)a sym. in QCD

SU(2) chiral symmetry is broken spontaneously, U(1) is by the anomaly

oo [ = (o

¢ QCD Lagranglan i

SU(Z)L X SU(Q)RX U( )V X U(l)A

SSB Anomaly

> SU( )V X U( )V Symmetry of theory ,

What is the anomaly’? % ¢_ (u d)

W — €975

S — /d4maw IS Invariant under { E R @67;975 Namely sym.
Because: Y5 ID+ IDys = 0
but the path integral measure is not invariant! non-trivial Jacobian.

D@D@b — D@D¢€ZF Anomaly(Fujikawa 1972)

This effect must exist for explanation of heavy n’
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Evidence of effective axial U(1 symmetry restoration at high temperature QCD

1. Introduction for U(1)a sym. in QCD

SU(2) chiral symmetry is broken spontaneously, U(1) is by the anomaly

oo [ = (o

¢ QCD Lagranglan i

SU(Z)L X SU(Q)RX U( )V X U(l)A

SSB Anomaly

> SU( )V X U( )V : Symmetry of theory ,

On the other hand
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Evidence of effective axial U(1 symmetry restoration at high temperature QCD

1. Introduction for U(1)a sym. in QCD

SU(2) chiral symmetry is broken spontaneously, U(1) is by the anomaly

oo [ = (o

¢ QCD Lagranglan i

SU(Z)L X SU(Q)RX U( )V X U(l)A

SSB Anomaly

> SU( )V X U( )V : Symmetry of theory ,

On the other hand

SU(Q)V >SU(2)L X SU(Z)R Restored -.

U(l)a — 22
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Evidence of effective axial U(1 symmetry restoration at high temperature QCD

1. Introduction for U(1)a sym. in QCD

SU(2) chiral symmetry is broken spontaneously, U(1) is by the anomaly

T = (e

¢ QCD Lagranglan i

SU(Z)L X SU(Q)&X U( )V X U(l)A

SSB Anomaly

> SU( )V X U( )V : Symmetry of theory ,

On the other hand

SU(Q)V >SU(2)L X SU(Q)R Restored -.

U(l)a — 22

What happens to the anomaly above Tc?
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Evidence of effective axial U(1 symmetry restoration at high temperature QCD

1. Introduction for U(1)a sym. in QCD

Symmetry leads degeneracy between mesons

SU(2); x SU(2)
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Evidence of effective axial U(1 symmetry restoration at high temperature QCD

1. Introduction for U(1)a sym. in QCD

Symmetry leads degeneracy between mesons

SU(2); x SU(2)

XU(1)a = /d433[<77(33)7T(0)> — <5(;13)5(())>] “Orde(:fpj{]a)rzeter”

If this quantity(susceptibility) is O at V —o, m—0,
U(1)a symmetry is effectively “restored”
(in other wards, invisible)
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

2. Our observables: Dirac spectrum

o (A) is a spectrum of the Dirac operator with QCD background

Our observable (VS@@%’ _ Ajwj

(Covariant derivative has information of the gauge field)

Eigenvalue equation can be solved
for a given gauge configuration
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o (A) is a spectrum of the Dirac operator with QCD background

Our observable (VS@@%’ _ Ajwj

(Covariant derivative has information of the gauge field)

Eigenvalue equation can be solved
for a given gauge configuration

One can repeat for all configurations
-> A s are distributed In a certain way,
= the Dirac spectrum o (A)
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

2. Our observables: Dirac spectrum

o (A) is a spectrum of the Dirac operator with QCD background

Our observable (VS@@%’ _ Ajwj

(Covariant derivative has information of the gauge field)

Eigenvalue equation can be solved
for a given gauge configuration

One can repeat for all configurations
-> A s are distributed In a certain way,
= the Dirac spectrum o (A)

The Dirac spectrum o (A) has information
of symmetry of quarks
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

2. Our observables: Dirac spectrum

It 0 has a (volume insensitive) gap, U(1) is effectively restored

_ > 2
(i) = / D PNz, p(A) = lim izw(kﬁ—k)m

0 )\2 -+ m2 V—oo V

|<¢¢>| — 77,0(0) — () — SU(2) restoration
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

2. Our observables: Dirac spectrum

It 0 has a (volume insensitive) gap, U(1) is effectively restored

2m 1

o) = [ Ao s = im0 - )

0 Voo V

|<¢¢>| — 77,0(0) — () — SU(2) restoration

MMmmMmmmmmmﬁ%%WW@%WWW]
Am?

= dX o( )\
XU (1) a /0 p( )()\2+m2)2

F p(A<Ay) =0 —  Xv(1)a =0

SU(2) and U(1) restoration
Cohen(1996), Aoki-Fukaya-Taniguchi (2012)

11 arXiv: 1612.01908 & PRD 93, no. 3, 034507 (2016) A. Tomiya: 15 Feb. 2017 at BNL



Evidence of effective axial U(1) symmetry restoration at high temperature QCD

2. Our observables: Dirac spectrum

It 0 has a (volume insensitive) gap, U(1) is effectively restored

Argument by Cohen(1996)
It there Is a gap In the Dirac spectrum

PL/
“U(T1)a violation” ©  4m?p())
m-p

[dalim@yn(o)) ~ (o)) = [ ar-EEAS

0

— 0 (m — 0)
Invisible

Cf : Aoki-Fukaya-Taniguchi (2012):
A3 may be enough for U(1)a effective restoration.

low-laying modes are essential for this argument!
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Evidence of effective axial U(1 symmetry restoration at high temperature QCD

1. Introduction for U(1)a sym. in QCD

Symmetry leads degeneracy between mesons

Previous studies (DW type) are controversial !

Gap in the Ua(T)
spectrum | Correlator

Group Fermion Size

U(1)a @Tc

JLQCD Overlap

2013) | (Top. fixeq) | 2 M | Gap |Degeneraie |

TWQCD Optimal

(2013) |domain-wall 3fm |No gap Jeoenerate

LLNL/RBC, | (Mobius)- | 5 4 NG
Hot QCD | Domain-wall " INo gap | Violated
(2013, 2014) W/ ov) 11 fm degeneracy 2

What makes such difference?
Fermion(Chiral sym.), Volumes or Topology ?
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

3. Domain-wall and overlap fermion

Chiral symmetry on the lattice = Ginsparg-Wilson relation

SU(2) and U(1) are parts of chiral symmetry in the action:

- Chiral symmetry in continuum theory

V5D + Drys
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

3. Domain-wall and overlap fermion

Chiral symmetry on the lattice = Ginsparg-Wilson relation

SU(2) and U(1) are parts of chiral symmetry in the action:

- Chiral symmetry in continuum theory
Vs P+ Pys =0

v¢ Chiral symmetry on the lattice (Cf. Nielsen-Ninomiya thm)

Vs D+ Dvs = 2alDys P

(Here "a” is a lattice spacing)

“Ginsparg-Wilson relation”
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

3. Domain-wall and overlap fermion

Chiral symmetry on the lattice = Ginsparg-Wilson relation

“Ginsparg-Wilson relation”

Vs D+ Dvs = 2alDys P

IT D satisfies GW relation...
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

3. Domain-wall and overlap fermion

Chiral symmetry on the lattice = Ginsparg-Wilson relation

“Ginsparg-Wilson relation”

Vs D+ Dvs = 2alDys P

IT D satisfies GW relation...
(1) It has “exact” chiral symmetry

w _ w/ _ eiys(l—aD)Gw

b= 9 = getr’
(2) U(1)a symmetry is broken by the Jacobian
as same as the continuum theory
(3) It satisfies the Atiyah-Singer index
theorem
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

3. Domain-wall and overlap fermion

Overlap fermion satisfies the Ginsparg-Wilson relation

he overlap Dirac operator satisfies GW relation

I1+m 1—m
Dov — 75Sgn(HT)
2 2
However...
numerical cost of the sign function Is extremely
expensivel

There i1s an approximate one,
“The domain-wall fermion”
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

3. Domain-wall and overlap fermion

Overlap fermion satisfies the Ginsparg-Wilson relation

Domain-wall fermion ~ Overlap fermion + mres
1+m 1-—

D ov — 9 9 75 S_gIl(H A .)
lapproxmate
Domain-wall fermion: tanh [LS _@g,_r_l_l_l:_l_ (2H- T)]

Overlap \

Qualitative difference can be measured by “residual mass”: mres
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

4. Setup & Results

Sea quark: Domain-wall and Reweighted Overlap, Probe: DW and OV

Our Setup

1. Sea quarks : Dynamical Mobius domain-wall fermion with small myes.

2. Calculation is done with and without OV/DW reweighting to realize

overlap sea-quark effectively
3. Volume & topology : 3 Volumes (2-4 fm) and frequent topology

tunneling.

4. Probes : Domain-wall and overlap valence quarks

5. Temperature range: 172 MeV to 217 MeV. Tc ~ 190 MeV

18 arXiv: 1612.01908 & PRD 93, no. 3, 034507 (2016) A. Tomiya: 15 Feb. 2017 at BNL



Evidence of effective axial U(1) symmetry restoration at high temperature QCD

4. Setup & Results

Sea quark: Domain-wall(DW) and Reweighted Overlap(OV), Probe: DW and OV

L*x Li| B | ma |L§ muesa  [§ [MeV]| #t1j | Neone| N | Not® | 706 7ioP | MpgL (1) mres is enough

16% x 8 |4.07| 0.01 |12§0.00166(15) §203(1) | 6600 | 239 |11(13)| 45(8) | 70 | 25(6) |54(3) gmall

163 x 8 [4.07| 0.001 |24£0.00097(43) [ 203(1) |12000| 197 | 7 (7) | 14(3) |315| 23(4) |5.3(4)

169 x 8 |4.10] 0.01 | 12§ 0.00079(5) [§217(1) | 7000 | 203 | 23(7) |150(17)| 134 30(10) | 6.9(5) (2) # of statistics

16% x 8 |4.10{ 0.001 |24 00048(14) F217(1) |12000] 214 |31(10)12110)| 104| 24(4) |6.3¢9) are increased

323 x 8 |4.07/ 0.001 |24 ;0.00085(9) $203(1) 4200 | 210 [103)*| - |128] 18(a) 179y from 2015

323 x 8 [4.10| 0.01 |12§ 0.0009(5) [§217(1) | 3800 | 189 | 9(4)* | — |125| 30(10) |12.6(5)

323 x 8 |4.10 0.005 |24 i0.00053(4) £017(1) | 3100 | 146 [20(4)*| — | 84| 24(9) |11.6(7) (?)_ We _Care about
323 x 8 |4.10| 0.001 | 24§ 0.00048(5) 217(1) | 7700 | 229 [18(5)*| — | 10| 23(5) [12.3(9) finite size _eﬁeCt &
323 x 12[4.18| 0.01 |16§0.00022(5) _.' 172(1) | 2600 |(319)| — - | - ~ |5.8(1) “overlapping

323 x 12(4.20| 0.01 |16§0.00020(1) [§179(1) | 3400 |(341)| -~ - | - - - problem” for

323 x 12|4.22| 0.01 [16§0.00010(1) #187(1) | 7000 |(703)| - ~ | - |s4e reweighting

323 x 12|4.23] 0.01 |16 ;0.00008(1) §191(1) | 5600 | 51 | 28(4) | 38(5) | 240 | 120(50)

323 x 12(4.23| 0.005 | 16§ 0.00012(1) [§191(1) |10300| 206 | 22(2) | 27(2) |131[160(140)| -

323 x 12]4.23/0.0025 16;0.00016(4) £191(1) | 9400 | 195 | 16(2) |255(31)| 85 | 110(30) | — Calculations done by
323 x 12|4.24| 0.01 [16£0.00008(1) §195(1) | 7600 | 49 | 23(5) | 36(5) |125| 100(40) | 6.8(5) BG/Q and SR16000
323 % 12|4.24| 0.005 [16§0.00010(2) [§ 195(1) | 9700 | 190 | 9(18) | 53(6) | 84 | 130(30) In KEK

399 x 12|4.24(0.0025|16£0.00011(2) #195(1) |16000| 188 | 8(10)| 7(1) |618| 80(20) | 6(2) using Iroiro++
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

4. Setup & Results

Reweighted Overlap with overlap probe has gap! and volume insensitive!!

T= 203 MeV for L=2fm, T=1.13 Tc (small lattice)

0.01

am=0.001I I

Domain-wall
on DW sea

0.005

p(h) (GeV®)

0 20 40 60 80 100 120 140
AMMeV)
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

4. Setup & Results

Reweighted Overlap with overlap probe has gap! and volume insensitive!!

T= 203 MeV for L=2fm, T=1.13 Tc (small lattice)

0.01

am=0.001I I

Domain-wall
on DW sea % oo |

0 20 40 60 80 100 120 140

/ AMMeV)

Overlap on domain-wall
~sea (partlallly qluen“ched)

;;1m=0.001I ——

0.005

140

0 20 40 60 80 100 120
A(MeV)
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

4. Setup & Results

Reweighted Overlap with overlap probe has gap! and volume insensitive!!

T= 203 MeV for L=2fm, T=1.13 Tc (small lattice)

Domain-wall T [[ameoe —
on DWsea % .
MMeV)
/ N
Overlap on domain-wall (reweighted)Overlap
sea (partially quenched) sea with overlap probe

;;1m=0.001I —— 0.01

am=0.001 —

0.005

0 20 40 60 80 100 120 140 0 0 40 60 80
MMeV) AMMeV)

100 120 140
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

4. Setup & Results

Reweighted Overlap with overlap probe has gap! and volume insensitive!!

T= 203 MeV for L=2fm, T=1.13 Tc (small lattice)

0.01

am=0.001I I

Domain-wall
on DW sea 5

MMeV)
/ \
Overlap on domain-wall (reweighted)Overlap
sea (partially quenched) sea with overlap probe

;;1m=0.001I —— 0.01

am=0.001 —

Unphysical
peak g

0.005

0 20 40 60 80 100 120 140 0 0 40 60 80
MMeV) AMMeV)

100 120 140

20 arXiv: 1612.01908 & PRD 93, no. 3, 034507 (2016) A. Tomiya: 15 Feb. 2017 at BNL



Evidence of effective axial U(1) symmetry restoration at high temperature QCD

4. Setup & Results

Reweighted Overlap with overlap probe has gap! and volume insensitive!!

"T= 190 MeV for L=3fm,T=1.05 Tc (middle size, finer lattice)

0.015

Domain-wall " [==#& ="
onDWsea §°
O/ 20 40 60 e 80 100 120\ 140
Overlap on domain-wall rewel%bted Overlap
sea (partially quenched) sea Wi over ap probe

[
am=0.0025 = am= 00025 I

0.01

'"Unphysical
peak i

0.005 -

0 20 40 60 80 100 120 14( 0 20 40 60 80 100 120 140
AMMeV) AMMeV)
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

4. Setup & Results

Reweighted Overlap with overlap probe has gap! and volume insensitive!!

T= 202 MeV for L=4fm, T=1.1 Tc (Large volume)

0.01

Domain-wall |
on DW sea S oas
MMeV)
Overlap on domain-wall (reweighted)Overlap

‘sea (partial!y qluenlchd) .._sea with overlap probe

[ [
am=0.001 am=0.001

Unphysical "
peak .

0.005 0.005

p(A) (GeV™)
p(0) (GeV®)

0 20 40 60 80 100 120 14 0 20 40 60 80 100 120 140
AMMeV) A(MeV)
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

4. Setup & Results

Reweighted Overlap with overlap probe has gap! and volume insensitive!!

T=217 MeV for L 4fm T 'I 2 TC (Large volume)

Domain-wall
on DW sea i B
20 40 60 ey 80 100 120 \1 40
Overlap on domain-wall rewel?hted Overlap
sea (partially quenched) sea Wi overlap probe

0.01

0.01

m0001— m0001—

Unphysical

0.005 -

p(A) (GeVv™)
o
o
5]

p(0) (GeV®)

peak

0 o—maihesneld @
0 20 40 60 80 100 120 140 0 o 20 40 60 80 100 120 140
MMeV) A(MeV)

Why they look different??
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

5. “GW violation” for DW fermion in low-laying modes

Difference coming from violation of Ginsparg-Wilson relation in low-laying modes

To understand difference between spectra,
we define Ginsparg-Wilson relation violation for
individual eigenmode:

gi X %bj% D5 + v5D — 2a D5 D)1

¥: Eigenmodes of the Dirac operator D

X This "g” Is zero for the overlap Dirac op.
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

5. “GW violation” for DW fermion in low-laying modes

Difference coming from violation of Ginsparg-Wilson relation in low-laying modes

gi X w;f% D~s + v5D — 2a D5 D\,

Domain-wall, Overlap L°xL,=16°x8, T=203MeV (8=4.07)

|9i|= . . . .
] ] 1k Domaln wall (am= 0001) +
|GW V|O|a-t|on| F 2\ Domain-wall (am=0.001) m,¢ subtracted e
*o4 p ¢ ) Overlap (am 0.001)
08 L + 1§ ° 2 +4+ % ¢ ¢
' F B & 4
f o §+! t DW’s Iow-laylng modes violate GW
n [ Lo
g 0.6 P4 I 't
- ‘frelation
04+ & F T4 - ° *t' $° -
: ::* " 1&: t* M : ’ ** ©
: J" ® ® h
0.2 i»., b g + ' ;‘. 5 4 56 J i *t 5 |
0 w30 40 60 80

100 120 140
A (MeV)

The lattice artifact can be 100 % for the near
zero-modes for Domain-wall fermion
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

5. “GW violation” for DW fermion in low-laying modes
Susceptibility is dominated by Ginsparg-Wilson violation

x u also has GW violation
X, = [dalim(@)n(0)) - (3()50))

xxxxxxxxxxxxxxxxxxxxxxx

0.5¢
Ratio of susceptibility: 32°% 12 | _ _
GW-breaking-modes v.s. 0.4/ + poss | FIner lattice
Total | « p=424 | 1/a~ 2.2 GeV

for DW fermion 037 ]
0.2}
0.1}

N 1

0 0.0025 0.005 0.0075 0.01

Even for finer Iattice,m~40% are artifact
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

5. “GW violation” for DW fermion in low-laying modes

At the massless limit, overlap fermion suggests effective restoration of U(1)

3

14l | 327x8 p=4.07, T=203MeV —®—
XU(1) a 32 x8 p=4.10, T=217MeV —@—
using OV eigenmodes 2 r 16 x8 p=4.07, T=203MeV -
A -2 16°x8 p=4.10, T=217TMeV —>— | _ |
| chiral zero-modes included | finer lattice as well
0.8 .

20 25

m (MeV)

For overlap fermion, after taking of massless limit,
physical U(1) violating signal is disappeared
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Evidence of effective axial U(1) symmetry restoration at high temperature QCD

6. Summary

In this work, we examined axial U(1) breaking with
Mobius domain-wall (DW),
partially guenched overlap (on DW sea),
and reweighted overlap fermions.

We found,
1. unexpectedly large violation of the Ginsparg-Wilson

relation in low-laying modes of DW operator even for
small residual mass case

2. precise chiral symmetry both in sea and valence
qguark is crucial.

3. reweighted overlap Dirac spectrum and susceptibility
suggest U(1)a effective restoration at the chiral limit.
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Sym. of QCD<=>Degeneracy

SU(2); x SU(2)

(m(2)m(0)) —— (o(z)a(0))

()

— i (@)sTi(r)  olz) = Pla)(a)
5(2) = D(a)r(z) (@)=

i) () y50 ()

Degeneracy of these channels
<=> There are symmetries
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vy

o for the overlap

LP*xLy| B | m |fpoy(0-8MeVE | AMSta? | ASY sa® |AFVE/ASY of A% sa® | A% sa?
163 x 8 [4.07| 0.01 | 0.0071(18) ]0.132(14)]0.139(12) | 0.37(2) 0.19(5) | 0.032(13)
163 x 8 [4.07( 0.001 | 3(3)x10712 ] 0.032(7) [0.0498(14)| 0.982(2) |0.00015(5)|1.5(6)x10~*
163 x 8 [4.10| 0.01 | 0.0042(15) [0.073(12)| 0.064(11) | 0.278(40) | 0.074(19) | 0.012(6)
163 x 8 [4.10{0.005*|  0.0008(3) | 0.009(2) — = 0.0003(1) | 0.003(1)
163 x 8 [4.10] 0.001 | 1.5(1.5)x 1078 | 0.017(8) |0.0232(13)| 0.983(4) [6(3)x107°| 6(3)x107?
323 x 8 [4.07/ 0.001 | 0.00002(1) [0.105(32)| 0.105(35) | 0.65(10) | 0.03(2) | -0.004(3)
323 x 8 14.10| 0.01 | 0.0067(14) |0.076(5) | 0.069(5) | 0.30(2) |0.120(24) | 0.065(29)
323 x 8 14.10{ 0.005 | 0.00147(20) |0.111(16)| 0.107(15) | 0.17(2) |0.111(34) | 0.025(9)
323 x 8 [4.10{ 0.001 |1.5(1.3) x 107°{0.036(11)]0.0125(50)| 0.975(3) | 0.097(38) | -0.010(5)
323 x 12(4.23| 0.01 0.011(1)  ]0.112(10)| 0.109(4) | 0.038(4) | 0.11(1) | 0.064(11)
323 x 12]4.23| 0.005 | 0.00444 (96) |0.107(11)| 0.107(8) | 0.083(9) |0.115(16) | 0.026(7)
323 x 12(4.23/0.0025| 0.0017(4) |0.186(47)| 0.216(41) | 0.162(22) | 0.162(40) | 0.0065(20)
323 x 12(4.24| 0.01 0.011(1) | 0.135(8) | 0.101(3) | 0.046(3) |0.107(14) | 0.065(10)
323 x 12(4.24| 0.005 |  0.0054(9) |0.112(17)| 0.124(13) | 0.057(10) | 0.122(21) | 0.030(14)
323 x 12(4.24/0.0025|  0.0008(5) |0.052(15)| 0.041(13) | 0.32(8) | 0.078(52) | 0.0030(6)
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Akio Tomiya(Osaka Univ.)

(skip)

Re-weighting tech. enables us to change another fermion determinant
( = quark loop effect exchange)

<O>Overlap X /D@ZD?pDAM @, e_Sgaugee_"‘L[DOV]QP

= / DA, O e SeavseDet[D2y]

Det :D%W:
Det[D3w

= / DA, O e SeanseDet[D2y]

— / DyYDYD A, OR o~ Seauge o —¥[DpwW]

_ Det[Dgy]
Det[Dfyy]

Multiplying R and taking average, we obtain
the result with the overlap determinant

X <OR> Domain Wall

R
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(tr GTALG) 1
<tI‘GTG> , Ap = 27 (75D ‘|‘DDw75 2aD4w75D]%€V)>

Myesg —

G: contact-term-subtracted
quark propagator,
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R with UV suppression tfactor
low-mode reweighting

Det D2, (m) Det D3y (1/2a)

R(A) — Det D%W(m) Det ng(l/QCL) |

(for L = 16° x 8)

[TY [(Aovi)?

R(A
A [T [(Aowyn)?

= Riow(A), (for L =16 x 8, 32° x 8)
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Low-mode reweighting factor does not
seems to affect existence of the gap

- 20
(S
O
S 15
o)
=
£ 10
=)
=
= 5
o

0

me Reweighting factor v.s. A ($=4.07) ma=0.001
I I I I I I I I
B + Reweighting factor (Low-mode) X —
Reweighting factor (Stochastic)  +
i 1 _
+ + . + 4
B + + T - + + H
X 4 n n + T 4
%K ””” )K)K] ””””” )K ”””” I% ”””” *%%&%ﬁ&% %% >< *"‘%(% %ﬁ W%W%
0 10 20 30 40 50 60 70 80
Ay (MeV)

This Is now testing Iin finer (and

larger) lattice...
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Massless Dirac spectrum

The Dirac spectrum of the massless fermion
can be obtained by subtracting,

2(0\M\2 _ 42 2
)\ia:\/@(z) amud)
V1 —a?m?,
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We measure the violation of the Ginsparg-Wilson relation on each eigenmode of the Hermitian
Dirac operator 5D through

_ /s[Dys + 75D — 2aDv5 D)o, [(1 - am“d>2] , (7.2)

g = " 2(1 + amua)

where A", 1); denotes the i—th eigenvalue/eigenvector of massive hermitian Dirac operator
respectively. D is the domain-wall or overlap Dirac operator. Last factor in (7.2) comes from
the normalization of the Dirac operator. Note that one can obtain the residual mass by an
weighted average of g;,

- (trGTALG) A1+ a,mud
Hhres = trGiG)y Z (1 — amyq)?(ar)? Z a)\m (7:3)

(]

where the sum runs over all eigenvalues.
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Reweighting factor

reweight-DovTanhthre0.35wUV-Beta4.07-m0.001

25 | | | | | | | |

_ 1
2 20 =
(@)
gL
o 15 -
=
S 10} -
o
3
= W Mmj\f\ _

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Configuration
FIG. 30:
reweight-DovTanhthre0.35wUV-Beta4.07-m0.001-Ls12-lowmode-50

5 | | | | | | | |
_ 45 ¢f L -
2 4 .
8 35F -
> 3r -
= 25 F .
> 2t .
O 1k N AR NS VA R RS B L SNMUAL A -1 N WL A A A LA L -
o

o8 EWIL IO o -
0 1 1 1 1 1

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Configuration



Reweighting factor

2.5

1.5

0.5

reweight-DovTanhthre0.24wUV-Beta4.07-m0.001-Ls12-lowmode-10

| | | |
I I I
500 1000 1500 2000 2500
Configuration
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Rewelighting factors vs configuration

Ru_DWOY_smeared_SymDl_sHtTanh_32x12x16_bd ,24 _M1,00_mud0,0025

"'r*ew.txt" -
1 —




T>1c
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>
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<
2 0.005

0
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(skip)

Overlagm

L=16 Overlap Histogram(p=4.1)
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am=0.005 e
am=0.001 e

40 60

AMeV)

80 100 120 140

L=32 Overlap Histogram(p=4.1) T=200 MeV

am=0.01 ' ' ' ' '
am=0.005 s
am=0.001 e

40

100 120 140



Topological charge changes along HMC

1.5

0.5

-0.5

L=16,8=4.10, m=0.01, L, = 12

1
1
1

|
Index of DW
Wilson flow cooling

22000 23000
Conf
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Tc Estimation

Polyakov & Chiral condensate

Akio Tomiya(Osaka Univ.)

/_Chiral Condensate

0.025F
I 4 o
000 - ¢ [s=24m=0.01 -
TP e [s=24 m=0.001
- —e—  [s=12m=0.01 :
0015 o 232 m=0.01 \ |
% X ls=12 * POIyakQV IOOQ
0.01 — &8 Xeong LS=24 golo] -m 1
5x107° #5x10°=m ]
%107 210~ =m
O | | | | |
3.9 3.95 4 4.05 4.1 4.15 4.2
O & B4 A.R0R0++

JICFuS

TAbove Tc(T=200MeV)

Around Tc(T=180MeV)

Vol. dependence of Polyakov loop
Decreasing of Chiral condensate
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Overlap type=Different “Sign function”

Comparison of sign function and its approximations

Overlap(JLQCD)

Mobius-Domain-wall(us)
05 | _

Domain-wall

-0.5 .

sgn(x), Overlap
tanh(ls*atanh(x)), Domain-wall/Shamir ———
tanh(ls*atanhl(2x)), Mobius-DomainI-waII/scaIed Shamir —

-1 -0.5 0 0.5 1 ~E-val
>
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U(2)L x U2)r =~ SU(2), x SUR2)r x U(1)y x U(1)4 , (3.10)

where SU(2), x SU(2)g symmetry corresponds to

R A ) (3.11)
) — petOT, (3.12)
(the SU(2) chiral symmetry) and
W — ey, (3.13)
) — e 0 (3.14)

On the other hand, the U(1)s symmetry, equivalently the U(1) chiral symmetry, corresponds
to

Y — e, (3.15)
) — et (3.16)
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Cohen’s argument :

I, (x) — Is(x) = %/[DA]@SYMDet D —m][Tr |G(z,z)]Tr [G(0,0)]]

(Yp) = % / [DAJe™™Det [ — m|Tr [G(z, z)
—map! (z);(z)
Tr |G(z, )] = EJ: A2+ m?
—mpa(A)
_ / s

e “YMDet [P — m]tr [G(z, x)] = 0,
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